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The homeodomain-interacting protein kinase (Hipk) family in
mammals comprises three closely related members, Hipk1, Hipk2,
Hipk3 [1], and Hipk4 [2]. These molecules can modify various
intrinsic regulatory mechanisms involved in apoptosis, cell prolif-
eration and cell differentiation by physical interactions with and
phosphorylation of transcriptional regulators [3–14]. In contrast
to ubiquitous expression of Hipk1 during early embryogenesis, in-
tense expression of Hipk2 was found in neural tissues, including
optic vesicles [15]. This expression of Hipk2 in neural tissues,
including the retina, continued during late embryogenesis [16].
Hipk family members are also implicated in regulating various
intracellular signalings, such as TGF-beta, BMP, Notch andWnt sig-
naling [17–20]. These signalings are known to play important roles
during ocular development, and impairment of these signaling
pathways could lead morphological changes in eye [17,21–27].chemical Societies. Published by E
lmology and Visual Science,
ences, Kumamoto, Japan. Fax:Thus, Hipks may be involved in ocular organization during
embryogenesis.
A previous study reported that lens vesicle formation inHipk1/
Hipk2/ mice failed, with disorientation of the optic cup [15].
However, ocular roles of Hipks during late embryogenesis remain
unclear, because Hipk1/ Hipk2/ mice died before embryonic
day (E) 12.5. Here, we report thatHipk1+/Hipk2/mice frequently
had small eyeswith a lens deﬁciency and thickened retinas inwhich
differentiated neurons were abnormally laminated. Our results
provide evidence that Hipk1 and Hipk2 are involved in regulating
eye size, lens formation and retinal lamination during late
embryogenesis.2. Materials and methods
2.1. Animals
Mice deﬁcient in Hipk1 and/or Hipk2 were generated and geno-
typed as previously described [15]. All studies were conducted
according to the guidelines of the Kumamoto University Center
for Animal Resources and Development.lsevier B.V. All rights reserved.
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Total RNA was isolated from neural retinas at E 14.5, postnatal
day (P) 0.5, P 5.5, P 12.5 and P 56.5 by using TRIzol (Invitrogen,
Carlsbad, CA). RT was performed by using SuperScript II (Invitro-
gen), according to the manufacturer’s protocol. The RT products
were ampliﬁed via PCR by using KOD-Plus (Toyobo, Osaka, Japan)
and gene-speciﬁc primer pairs under standard reaction conditions.
The primer pairs for Hipk2 were designed as alternatively spliced
lesion-spanning primers to identify two isoforms of Hipk2 (Hipk2a
and Hipk2b). Ampliﬁcation of untranscribed RNA produced as a
negative control. Ampliﬁcation of cDNA with a primer pair for
the GAPDH gene produced a positive control and was used for
standardization. The gene-speciﬁc primer pairs were as follows:
Hipk1: forward (F), 50-AGTGTTCTAGCTTCCAGCTCTA-30, reverse
(R), 50-AGTACAGCAGCAGTCTGTTCAA-30; Hipk2: F, 50-CTTTCAT-
CACTCACGTGGCC-30, R, 50-TGGATCTGAAGAGGCTGAGC-30; Hipk3:
F, 50-GAGTGTAAAGGTAGTCTAGATTG-30, R, 50-TTCTCTGCAAATG-
GACTGTCGT-30; and GAPDH: F, 50-ACCACAGTCCATGCCATCAC-30,
R, 50-TCCACCACCCTGTTGCTGTA-30.
2.3. Tissue preparation
E18.5 eyes were dissected from embryos, whereas E14.5 eyes
were left in situ in collected embryos. Tissues were ﬁxed in 4%
paraformaldehyde for 40 min, immersed in 15% sucrose solution
in phosphate-buffered saline (PBS) overnight at 4 C and then
transferred to a 1:1 mixture of 15% sucrose and OCT cryo-com-
pound (Sakura Finetechnical, Tokyo, Japan) for 30 min before being
frozen in OCT. Tissues were sectioned (15–20 lm) with a cryostat
and mounted on glass slides.
2.4. Immunohistochemistry
Frozen sections were blocked with 5% sheep serum in PBS con-
taining 0.1% Triton X-100 and 0.1% sodium azide for 30 min at
room temperature. Sections were then incubated at room temper-
ature for 2 h with one or two of the following speciﬁc primary anti-
bodies at the stated dilutions: mouse monoclonal anti-Hipk1 (1:5;
generated originally) [15]; rabbit polyclonal anti-Hipk2 (1:50; San-
ta Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-
neuroﬁlament M (1:5; NF165 kDa; Developmental Studies Hybrid-
oma Bank, University of Iowa, Iowa City, IA); mouse monoclonal
anti-Tuj1 (1:200; Sigma–Aldrich, St. Louis, MO); goat polyclonal
anti-Brn3 (1:50; Santa Cruz Biotechnology). Sections were exam-
ined by epiﬂuorescence after incubation for 30 min in Alexa 488-
and/or Alexa 546-conjugated secondary antibodies (Molecular
Probes, Eugene, OR). For Brn3 staining, sections were sequentially
incubated, after the primary antibody incubation, with biotin-SP-
conjugated rabbit anti-goat IgG (1:500 dilution; Jackson Immuno-
Research, West Grove, PA) for 30 min and with streptavidin-conju-
gated Texas Red (1:400 dilution; Vector Laboratories, Burlingame,
CA) for 30 min. Cell nuclei were counterstained with Hoechst
33258 (Nacalai Tesque, Kyoto, Japan). Negative controls were ob-
tained by omitting a primary antibody. Additional negative con-
trols, sections from knock-out mice, were also used for the
staining against Hipks. Images were produced with an AX70 ﬂuo-
rescence microscope (Olympus, Tokyo, Japan).
2.5. Hematoxylin–eosin staining
Frozen sections were washed in PBS for 5 min, immersed in
Mayer’s hematoxylin solution (Wako Chemicals, Tokyo, Japan) for
4 min and washed in tap water for 30 min. Sections were then im-
mersed in 1% eosin Y solution (Muto Pure Chemicals, Tokyo, Japan)for 10 min, dehydrated in a graded ethanol series, immersed in xy-
lene twice and mounted in Eukitt (O. Kindler, Freiburg, Germany).
2.6. Statistical analysis
Data represent means ± S.D. of at least three separate experi-
ments. Statistical signiﬁcance was determined via Student’s two-
tailed t-test, except for frequencies of small eyes, which were
determined by using the Mann–Whitney U-test.
3. Results
3.1. Retinal distributions of Hipk1 and Hipk2 expression during
development
Patterns of Hipk expression were investigated by semiquantita-
tive RT-PCR analysis. Hipk1-speciﬁc gene products were ampliﬁed
equally at all stages examined, whereas gene products represent-
ing Hipk2a and Hipk2b isoforms were tended to be ampliﬁed at dif-
ferent stages, with peaks at E14.5 and P12.5, respectively. Hipk3-
speciﬁc gene products were barely detectable during organogene-
sis (Fig. 1A).
To localize Hipk1 and Hipk2 in retinas during late embryogen-
esis, E18.5 eyes were analyzed via immunohistochemistry. Hipk1
was expressed in the inner retina (Fig. 1B) and was predominant
in cytoplasm (Fig. 1C). Although Hipk2 was also mainly expressed
in the inner retina, where Tuj1-positive differentiated neurons
were located (Fig. 1D), it was located intracellularly in nuclei
(Fig. 1E). Hipk2 was also expressed in some neuroﬁlament M-posi-
tive horizontal cells (Fig. 1F and G), which suggests stage-speciﬁc
functions of Hipk2 in nuclei of differentiated neurons. Hipk1
expression in surface ectoderm and lens was weak and HIPK2
expression there was less prominent in agreement with past report
(data not shown) [15,16].
3.2. Small eyes caused by genetic deletion of Hipks
To establish the functions of Hipks during eye development in
late embryogenesis, we evaluated the eye phenotypes of Hipk1-
and/or Hipk2-deﬁcient mice at E14.5 and E18.5. We found small
eyes, with a ﬁssure instead of a normal round pupil, in 15% of
Hipk1+/+ Hipk2/ mice and 40% of Hipk1+/ Hipk2/ mice
(Fig. 2). The frequency of small eyes was signiﬁcantly higher in
Hipk1+/ Hipk2/ mice than in wild-type littermates (P < 0.01). In
contrast, only 7% of Hipk1/ Hipk2+/+ mice and 0% of Hipk1/
Hipk2+/ mice possessed this phenotype, with no signiﬁcant differ-
ences compared with wild-type littermates (Fig. 2I). Although the
small-eye phenotype was partially penetrant and degrees of phe-
notypic severity varied among the mice, the average eye size was
signiﬁcantly smaller in Hipk1+/ Hipk2/ mice than in wild-type
littermates (72.3 ± 13.6% of the eye size of wild-type littermates,
P < 0.001).
3.3. Lens deﬁciency and thickened retinas in small eyes
To further characterize the small-eye phenotype, we undertook
histopathological analyses of the small eyes of Hipk1+/ Hipk2/
mice after hematoxylin-eosin staining. At E14.5, the retinal thick-
ness was almost normal, but lens formation failed in small eyes,
this result being consistent with a previous study at E11.5 [15]. In-
stead of normal lens primordium, disorganized cell clusters were
observed in optic cups of small eyes (Fig. 3A and B). At E18.5, in
addition to having the lens deﬁciency, the small eyes of Hipk1+/
Hipk2/ mice had a signiﬁcantly thicker retina compared to
wild-type littermates (171.7 ± 7.48% of the retinal thickness of
Fig. 2. Small eyes and their frequencies of occurrence in Hipk1- and/or Hipk2-deﬁcient mice. (A–H) Light photomicrographs showing small eyes, sometimes with a ﬁssure
instead of a round pupil. Normal eyes are shown for comparison. Scale bars, 5 mm for (A, B, E and F) and 1 mm for (C, D, G and H). (I) Percentages of small eyes for each
genotype. **P < 0.01 vs. wild-type littermates.
Fig. 1. Retinal distributions of Hipk1 and Hipk2 expression during development. (A) Expression patterns of Hipk family mRNAs in retinas at different developmental stages
were examined via semiquantitative RT-PCR. Hipk1-speciﬁc gene products were equally ampliﬁed at all stages; gene products for Hipk2a and Hipk2bwere intensely ampliﬁed
at E14.5 and P12.5, respectively; and Hipk3-speciﬁc gene products were barely detected. (B–G) Fluorescence photomicrographs of E18.5 eyes after immunohistochemical
staining. Hipk1 and Hipk2 occurred mainly in cytoplasm and nuclei, respectively, of neurons in the inner retina, the same location as Tuj1-positive cells (B–E). Neuroﬁlament
M (NF-M)-positive horizontal cells also expressed Hipk2 (F, G, arrows). Boxed areas in (B, D and F) are shown at higher magniﬁcation in (C, E and G), respectively. In lower
panels of (C, E and G), cell nuclei are counterstained (blue). Dashed lines indicate retinal margins. Scale bars, 50 lm for (B, D and F). INL, inner neuroblast layer. ONL, outer
neuroblast layer.
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Fig. 3. Formation of lens and optic nerves in eyes of Hipk1+/ Hipk2/ mice and wild-type mice. (A–D) Histopathological analyses after hematoxylin–eosin staining. Small
eyes at E14.5 demonstrated lens formation failure and disorganized cell clusters in optic cups (A and B). At E18.5, these small eyes had signiﬁcantly thicker retinas than did
normal eyes of wild-type littermates, with almost all the optic cup internal space ﬁlled by hyperplastic retina (C and D). (E and F) Light photomicrographs of ventral brains
show morphologically normal optic nerves (arrows) in the small eyes. Scale bars, 100 lm for (A–D) and 1 mm for E and F.
3236 T. Inoue et al. / FEBS Letters 584 (2010) 3233–3238wild-type littermates, P < 0.005), and the hyperplastic retina occu-
pied almost all the internal space of the optic cup (Fig. 3C and D). In
contrast, optic nerves (Fig. 3E and F, arrows) and brain (data not
shown) of the Hipk1+/ Hipk2/ mice appeared normal.
3.4. Abnormal retinal lamination in small eyes
To investigate lamination of the thickened retinas in small eyes,
we used immunohistochemical analysis to determine locations of
differentiated neurons at E18.5. Tuj1-positive cells, which included
differentiated ganglion cells and amacrine cells, were localized in
the inner retina of normal eyes (Fig. 4A). In the small eyes, how-
ever, these cells were found in a similar lesion but with a broader
distribution than that in normal eyes (Fig. 4B). The thickness of the
Tuj1-negative cell layer in the small eyes was comparable to that in
normal eyes (Fig. 4A and B). Brn3-positive cells, which are mainly
ganglion cells, occurred in the innermost retinal layer of normal
eyes (Fig. 4C). In contrast, in small eyes the Brn3-positive cells
were not restricted to the innermost layer; instead, they were also
scattered in the relatively more outer layers (Fig. 4D). Neuroﬁla-
ment M-positive cells, which are believed to be horizontal cells,
had a linear arrangement in the outer retinal layer of normal eyes
(Fig. 4E) but a diffuse distribution from the outer layer to the inner
layer of the small eyes (Fig. 4F).
4. Discussion
In the present study, we demonstrated expression of Hipk1
and Hipk2 in the retina during late embryogenesis, and that their
genetic deletion led to small eyes with a lens deﬁciency and
abnormally laminated thickened retinas. Overlapping roles for
Hipk1 and Hipk2 during early embryogenesis were previously re-
ported [15]. However, in the present study during late embryo-
genesis, the penetrance is increased by Hipk2 deletion
compared to Hipk1. Although, the n value is not enough to con-
clude it, Hipk2 may have stronger effects on this phenotype than
Hipk1.
The most likely explanation for the phenotype in this study is
impaired function of the downstream factor Pax6, which is acti-
vated by Hipk2 in vitro [28]. In Drosophila, genetic modulation ofDHIPK2, Drosophila homologues of mammalian Hipk2, caused a
small-eye phenotype [11,29]. Additionally, Hipk2 may regulate ret-
inal cell death, because HIPK2 modulates Apaf1 signaling [30,31]
and Hipks can activate other key molecules of apoptosis initiation
[5,7,8]. Interestingly, deletion of caspase-3 or Apaf1 has caused
hyperplastic retinas and smaller lenses [32,33]. By our preliminary
study, the small eyes appeared to have fewer active caspase-3-po-
sitive cells compared to normal eyes (unpublished data).
In addition to abnormal retinal thickness, disrupted retinal lam-
ination, especially of horizontal cells, occurred in small eyes of
Hipk1+/ Hipk2/ mice. Three possible mechanisms may underlie
this disturbed lamination. First, excessive numbers of retinal gan-
glion cells, which are the ﬁrst retinal cell type to differentiate,
may cause abnormal lamination of subsequently differentiating
cells, because lamination defects were found in mutant retinas
lacking retinal ganglion cells [34]. Overexpression of sonic hedge-
hog or other signaling components from surviving ganglion cells
may also cause retinal lamination to fail. Second, failure of lens
vesicle formation could disrupt normal retinal laminar structure.
Although phenotypes of disorganized retinal lamination induced
by lens deﬁciency vary according to species and methods of anal-
ysis, abnormal lens development has been demonstrated to result
in abnormal retinal development [35–38]. Finally, Hipks may func-
tion as cell-intrinsic determinants of cell migration in the retina,
although we are not aware of any reports of involvement of Hipks
in mechanisms regulating cell migration.
Although the normal development of lens is known to be essen-
tial for that of retina and vice versa [39], it is still questioning
whether the lens deﬁciency oriented the retinal phenotypes pre-
sented in this study, because eyes without lens show various phe-
notypes in retina. For instance, the genetic deletion of BMP7
showed small or absent lens with normal retina [21,23], while
the lens-speciﬁc Pax6 conditional knock-out mice show normal
retinal lamination with failure of lens development [35]. Interest-
ingly, the disturbed retinal lamination presented in this study, is
not common phenotype in eyes without lens development, but
resembles DHIPK mutant Drosophila which showed patterning de-
fects in photoreceptors independently of lens [17]. Conditional
knock-out of Hipks in retinal progenitor cells will be needed in fur-
ther study.
Fig. 4. Fluorescence photomicrographs of retinas obtained from Hipk1+/ Hipk2/
mice and wild-type mice at E18.5 showing locations of differentiated neurons after
immunohistochemical staining. Tuj1-positive cells were found in the inner retina in
normal eyes (A). In the small eyes, these cells had a broader distribution (B). Brn3-
positive cells occurred in the innermost retinal layer of normal eyes (C) but in small
eyes were also in the outer layer (D). Neuroﬁlament M (NF-M)-positive cells were
linearly arranged in the outer layer of normal eyes (E) but were diffusely distributed
from the outer to the inner layers in the small eyes (F). Scale bar, 100 lm. INL, inner
neuroblast layer. ONL, outer neuroblast layer.
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